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Abstract
Current water quality guidelines for reclaimed wastewater have predominantly addressed
risks associated with the presence of microbial organisms. Comparatively, chemical parameters
have been largely overlooked or inadequately considered. Acceptable levels o f chemical
parameters will be dependant on the proposed reuse applications for the water and, in many
cases, site-specific factors such as the degree o f dilution with water from other sources.
However, some general principals for the determination o f acceptable levels o f chemical
contaminants in reclaimed water may be applied universally. This study describes a general
risk-assessment approach to the determination o f acceptable contaminant concentrations. It
provides some analysis of the principal functions o f hazard identification, exposure assessment,
dose-response relationship characterisation and risk characterisation as they relate to chemical
contaminants in reclaimed water. Examples of some key modelling calculations for this process
are provided for three selected contaminants (chloroform, 1,1,2-trichloroethane and pyrene)
during hypothetical irrigation o f agricultural area. Predicted environmental concentrations
(PEC) are calculated and compared with predicted no effect concentrations (PNEC). The results
of the hypothetical modelling exercise indicate that the contaminants considered in this
theoretical analysis pose an acceptable risk to human health via the single exposure path
considered (uptake through food grown in tire irrigated soil).
Keywords: reclaimed wastewater irrigation, chemical risk assessment, fugacitv modelling

1. Introduction
Throughout the last decade, municipal wastewater reuse has emerged as an
important and viable means of supplementing dwindling water supplies in a large
number of regions throughout the world. In many instances, reuse is also promoted as a
means of limiting wastewater discharges to aquatic environments.
Health and environmental risks associated with water reuse have until now been
addressed on a relatively uncoordinated ad hoc basis. Risks associated with microbial
organisms have been addressed with the greatest urgency and are now dealt with in a
thorough manner by guidelines used in many countries. Conversely, guidelines
pertaining to chemical contaminants are typically limited to bulk parameters such
chemical oxygen demand (COD), biochemical oxygen demand (BOD), pH and total
suspended solids (TSS). In many situations these simple parameters provide suitable
surrogate indications of the likely presence of chemical species of concern. However,
for more highly treated reuse waters, they are of limited sensitivity. Furthermore, for
some applications, an accurate assurance of specific chemical concentrations will be
important.
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Some o f the most thorough chemical guidelines have prescribed acceptable
concentrations of some specific chemicals such as heavy metals, mineral oils, and some
pesticides. Examples include those recently developed in Italy and Israel [1. 2],
However, more recently emerging chemicals of concern, such as the endocrine
disrupting chemicals (EDCs) and pharmaceutically active compounds (PliACs). are not
specifically regulated by any current wastewater reuse guidelines of which we are
aware. This situation is now on the very virge of change as scientists and regulators are
grappling with how best to address the issues presented by a wide range of individual
chemical contaminants.
Currently, there is very little analytical information available concerning the
occurrence and fate of organic micropollutants during reuse applications so risk
assessment must often be performed based on models. In the European Union
environmental and human risk assessment is undertaken according to the Technical
Guidance Document [3], Quantitative chemical risk assessment approaches are
anticipated to provide the most meaningful tools for most applications [4],
Many approaches to risk assessment of environmental chemicals have been
proposed, but fundamental to all of them is the general concept of a risk quotient
relating predicted environmental concentrations to predicted no-effect concentrations:
_
Risk Quotient -

Predicted Environmental Concentration (PEC)
Predicted No Effect Concentration (PNEC)

The calculation of risk quotients is an essential step for the quantitative evaluation
o f risks from chemical exposure. In order to demonstrate acceptable risk to health or the
environment, the PEC should be less than the PNEC. In other words, the risk quotient
should be less than 1.
It is proposed that a quantitative risk management system such as the ‘Hazard
Analysis at Critical Control Points (HACCP)’ system would be most suitable for
applications o f wastewater reuse. The full details of a HACCP approach and analysis
are well beyond die scope o f this current study. However, some specific aspects
pertaining to die presence and implications of chemical contaminants have been
investigated and are described below.
Since one of die most important reuse applications concerning w'astewater
reclamation and human risk is the irrigation of agricultural land we have focused on
such a scenario in this study. In order to evaluate risk quotients, PEC and PNEC have
been determined for a hypotiietical irrigation scheme. A highly simplified illustrative
analysis was undertaken for a human risk assessment of three chemicals (chloroform,
1.1.2-trichloroethane and pvrene) in die irrigation wastewater.

2. Hazard identification
A wide range of trace chemical contaminants persist in municipal wastewaters
after conventional treatment processes. A selection of such representative contaminants
is given in Table 1. These include inorganic compounds, heavy metals, persistent
organic pollutants, pesticides, disinfection byproducts, endocrine disrupters,
pharmaceutically active compounds and complex-forming compounds. Many of these
chemicals are known or suspected of deleterious implications to human health or die
environment.
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Table 1 Reported occurrence o f selected chemical pollutants in the environment [fig/L]
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Many inorganic species may be of particular concern for reuse applications
involving irrigation of farmland. These may include salts of common ions such as
sodium, potassium, calcium, chloride and bromide, as well as trace heavy metals
including mercury and cadmium. Highly saline irrigation water can severely degrade
soils over time and some compounds such as heavy' metals may accumulate in soils, and
later into foodstuffs. In dry climates, much o f the irrigation water can evaporate and the
concentration of salts in the drainage can be much higher than in the water itself, posing
potential threats to groundwater quality' [30], Inorganic chemicals are among the most
recalcitrant during most processes of wastewater treatment. They are often highly watersoluble and they are not susceptible to biological degradation. Similarly, advanced
oxidation processes are ineffective and these small ions are among the most difficult
contaminants to treat by membrane processes. For heavy metals, which have been
included in some new and recommended guidelines [1, 2], multi-element or multicomponent analysis determination methods like ICP-MS may simplify the required
analytical effort.
An increasingly documented class o f trace organic contaminants in wastewater are
the “endocrine disrupting chemicals”. Much attention has been devoted to natural and
synthetic steroidal hormones, which are shown to induce biological effects on some
organisms at part per trillion concentrations. Some steroidal hormones are poorly
removed by conventional water treatment processes [20, 31], Other chemicals
exhibiting similar effects at higher concentrations and known to be present in sewages
include some plasticisers. pesticides and degradation products of some detergents.
Further widespread attention has been focused on the broad range of pharmaceutically
active compounds which have been reported in municipal wastewaters in many parts of
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the world [21-26], At this point there are no indications for limitations to water reuse
caused by these compounds, although their effects are largely unknown. Standardised
methods for tire analysis of these trace compounds are not generally available, but
sophisticated analytical methods using GC-MS(MS) or LC-MS(MS) have been
published in the scientific literature [18-21],
As in drinking water, byproducts of disinfection processes may yet prove to be
among the greatest chemical concerns in recycled water. Recent attention in The USA
and Canada has been given to the detection of the potent carcinogen,
nitrosodimethylamine (NDMA) in chlorinated sewages. It is known that disinfection of
wastewater effluents, especially those with relatively high organic loads, can lead to
significant concentrations of NDMA [32. 33],
For the illustrative study presented here, we have selected the model compounds
chloroform. 1.1.2-trichloroethane and pvrene. Chlorinated solvents like trichloroethane
are widely used in industrial processes and consequently can be found in the aqueous
environment in the lower ng/L range [16], Clilorofonn is also generated during water
disinfection by the reaction of chlorine with humic compounds. Further production of
chloroform can be initiated by reactions o f strong oxidising agents and organic matter in
the presence of chloride ion. Such conditions may arise from industrial effluents
including those from pulp and paper manufacturing or the phannaceutical industry [29],
The observed average clilorofonn concentration of US drinking water is approximately
13 p.g/L [29], Polvcyclic aromatic hydrocarbons (PAH) such as pyrene are ubiquitous in
the environment. They are produced mainly by incomplete combustion of organic
matter such as wood, oil or coal. They are often one of the predominant contaminants in
sediments and soils at concentrations in the upper pg/kg range [34], We selected these
well-known compounds for evaluating the risk models because (1) their toxic effects are
known. (2) our estimations can be compared with observed concentrations in the
environment and (3) they include a range of the important physical-chemical properties
required by the models. The two chlorinated compounds are similarly lipophilic (Log
Kow), but clilorofonn has a greater water solubility and is more volatile than 1.1.2trichloroethane. In contrast pyrene is many orders of magnitude less volatile and largely
insoluble in water.

3. Exposure Assessment
An essential component of any chemical risk assessment processes must be a
means o f detennining or estimating levels o f exposure. This requires a qualitative
analysis of routes of exposure of a chemical to the target organism, as well as
quantitative infonnation such as the concentration of target chemicals in relevant media.
For preventative risk assessment, both aspects inevitably require some degree of
prediction.
The first step o f qualitative human exposure assessment will be to identify likely
and potential routes of exposure of the chemicals to humans. This will determine the
significance of chemical concentrations in environmental media such as soil, air or
water. For irrigation o f agricultural land with reclaimed wastewater, four major
anticipated pathways of exposure are shown in Table 2. This is a simplified list since,
for example, it does not include additional exposure routes which may be significant for
people working directly with the irrigation scheme.
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Table 2. Possible exposure pathways of chemicals to hum ans via agricultural irrigation
Pathway
• Reclaimed water irrigation -> soil -> plant
uptake A food production -> human toxicity
• Reclaimed water irrigation -> soil A plant
uptake A animal uptake A human toxicity
• Reclaimed water irrigation A soil A vadoze
zone A groundwater A human toxicity
• Reclaimed water irrigation A atmosphere A
human toxicitv

Scenario
Ingestion o f food plants cultivated on land
irrigated with reclaimed water
Ingestion o f meat/animal products from animals
pasture on land irrigated with reclaimed water
Ingestion of drinking water produced front
groundwater polluted by reclaimed water
Inhalation o f volatile contam inants during
irrigation process_____________________________

In individual cases, it will be necessary' to make initial judgements regarding the
significance of each identified exposure route. In this example we focus on the first
pathway, shown schematically in Figure 1. It will be the environmental concentrations
in the soil matrix that are of greatest significance to this case. Accordingly. PEC and
PNEC will be determined for the soil matrix.
Irrigation

Plant uptake
Food
production

Sewage treatment plant

Human
health

Soil

Figure 1 Primary exposure pathway of chemicals to hum ans via agricultural irrigation

4. Predicted Environmental Concentrations
One approach to establishing PEC is the use of fugacity modelling teclmiques. In
the absence of comprehensive quantitative analytical data, fugacity calculations can
provide useful estimations of overall fate and behaviour o f individual chemical
components. Although such techniques are limited by the availability of high-quality
site-specific input data, they represent a valuable tool for the broad evaluation of the
distribution and removal of chemicals during water treatment, storage and reuse
applications.
Environmental fugacitv-based models have largely been developed over the last
25 years [35. 36], These models rely on defined environmental compartments such as
air, water, soil etc. By equating the fugacity or “escaping tendency” of a chemical in
each of the compartments, an environmental distribution is calculated. Variable removal
processes such as advection or degradation provide determinations of final
concentrations among the defined compartments.
Here we provide an illustration of how fugacity modelling may be used to predict
the fate of organic chemicals in water reuse applications. Various “Levels” of fugacity
models have been described, ranging in complexity from Level 1 to Level 4. It is
considered that a Level 3 model is most suitable for the current application. The Level 3
model provides predictions of steady-state, non-equilibrium concentrations and
distributions of environmental contaminants.
The hypothetical irrigated property consisted of a rectangular field of dimensions
450m x 400m. A 25m wide waterway ran along one of the two 400m boundaries, thus
the overall area of the property including the irrigated soil and the waterway was
190,000 m2. The average depth of the waterway was 10m. The water compartment was
composed of water, suspended sediment (2% organic carbon) and aquatic biota (5%
lipid). The atmospheric depth was modelled as 1000m and was composed o f air and
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aerosols. The soil compartment was composed of air. water and solids comprising 2%
organic carbon. Soil was presumed to be well mixed to a depth of 10cm. The sediment
on the floor of tire waterway comprised water and solids (4% organic carbon) and was
mixed to a depth of 5cm. The organic fractions and densities of all components were
selected as recommended by Mackav et al [36], Advective flow of air out of the
modelled region was set at 10° m3/h. Advective removal by the waterway was 200 nrVh.
Burial by sediment was also treated as an advective loss and was modelled at 0.002
nrVh. Full details o f the environmental parameters are provided in Table 3.
Table 3. Compartment dimensions and properties for field irrigation
Compartment

A ir

Sediment

Total compartment
Air
Aerosol
Total compartment
Water
Suspended sediment
Aquatic biota
Total compartm ent
Air
Water
Solid
Total compartment
Water
Solid

Depth
(m)
1000

10

0.1

0.05

Area
(m 2)
2 x 105

104

18 x 104

104

Volume
(m3)
2 x 10s
2 x 10s
2 x 10-'
105
10’
10
0.2
1 8 x l0 3
3 .6 x 1 0 -'
5.4 x lO 3
9 x 103
500
400
100

Organic
fraction
-

-

0.02
0.05 lipid
-

0.02
-

0.04

Densitv
(k g jn '5)
1.2
1.2
2000
1000
1000
1500
1000
1500
1.2
1000
2400
1280
1000
2400

Advective
flow (m '/h )
10°
106
106
200
200
200
200
-

0.002
0.002
0.002

The field was assumed to be irrigated at an average of 700 mm per year over the
entire surface area. The three contaminants were each presumed to be present in the
treated effluent at a concentration of 10 ng/L. Therefore the total application o f each
chemical to the field was 1.26 g per year. The physical properties of the contaminants
are provided in Table 4. These data are all extracted from the experimental database
packaged with the EPI Suite software package, except for the BIOWIN and AOPWIN
values which are predicted values from the same software [37].
T able 4. Properties o f modelled contaminants from EPI Suite [37]
Chemical Name:

chlorofonn

1.1.2-trichloroethane

pyrene

M olecular Weight (g.mol"1):

119.38

133.41

202.26

Aqueous Solubility (g.m '3):

7950

4590

0.135

Log K ow :

1.97

1.89

4.88

-63.6
2.6 x 104
3.3737
1206

-36.6
3.1 x 103
3.3534
561

151.2
6.0 x 10-4
2.8537
3

m elting point (°C):
vapour pressure (Pa):
B10W IN4
AO PW IN half-life (h)

Environmental biodegradation rates typically represent the greatest obstacle to
reliable modelling. This is due to a general lack of information regarding degradation of
specific compounds in various environmental media, as well as the extreme variation
that can result from seemingly subtle environmental variations. Consequently, there are
no highly reliable methods of predicting enviromnental biodegradation. A “best
available” method has previously been described for extrapolating predicted
“BIOWIN4” data for use in fugacity modelling [38], We have used an analogous
relationship to determine approximate biodegradation half lives in water: Half-life in
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water (li) = 10<b " BI0WIN4 value). Following the typical variations of degradation rates
among phases described by Mackav et al [36], average half-lives in soil and sediment
were approximated by multiplying the half-life in water by factors of 2 and 10
respectively. Half-lives in air were estimated by AOPWIN. Data derived by these
processes should be considered only as reasonable estimates of the order-of-magnitudes.
Level 3 fugacity calculations were undertaken as previously described [36], Key
summary data are provided graphically for chloroform. 1.1.2-trichloroethane and
pyrene.
Figure 2 shows the relative distributions of each of the contaminants among the
modelled phases. Chloroform is a highly volatile chemical and was thus predicted to
partition significantly (95%) to the air phase. The vast majority of the remainder of this
contaminant is partitioned to the soil phase. 1.1.2-trichloroethane is less volatile than
clilorofonn and only 79% of the steady-state mass was predicted in the air phase. 20%
was in soil and 1% in water. The most extreme results were predicted for pyrene which
is non-volatile and highly hydrophobic. Pyrene was predicted to be partitioned
exclusively to soil.
Chloroform
Soil

1,1,2-Trichloroethane

Pyrene

F igure 2. Relative distribution of three contam inants am ong modelled phases

As shown in Figure 2. the predicted relative amount of 1,1.2-trichloroethane in
soil is about one fifth o f the relative amount of pyrene in soil. However, the predicted
absolute steady-state mass of 1.1.2-trichloroethane in soil is only about 4% the
predicted absolute steady-state mass of pyrene in soil (see Fig. 3). This is because,
pyrene is not removed from the overall system as efficiently as 1.1,2-trichloroethane or
clilorofonn.
There are seven possible removal mechanisms for each of the chemicals:
degradation in each o f die four phases, advection from water or air. and burial by
sediment. Pyrene was predicted to be the least biodegradable of die contaminants, but it
was also the least susceptible to advection since it is partitioned exclusively to soil, from
which no advection occurs. Furdiennore. although pyrene was predicted to have a
relatively short degradation half life in air. diis was not significant since pyrene was not
appreciably partitioned to air. It was a combination of tiiese effects tiiat lead to the
relative accumulation of pyrene.
Figure 3 is presented in Log scale to clearly display the extreme variations in
steady-state concentrations of the contaminants among the principal phases of air.
water, soil and sediment. Given the considerable partitioning of chloroform to air
(Figure 2), it may at first be surprising to note the relatively low concentration of this
compound in this phase. The explanation is that the volume of die air phase (2 x 10s m3)
is numerous orders of magnitude greater tiian the volume of any of the other phases.
Hence, air can accommodate substantially more of a compound witiiout building up
high concentrations. The opposite extreme of this effect was observed for sediment.
Although none of the contaminants were predicted to partition significantiy to sediment
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(Figure 2). all three were predicted in sediment at moderate concentrations. Again, the
explanation is that even when sediment is heavily concentrated with contaminant, the
small volume of sediment requires only a relatively minor fraction of the overall
contaminant to achieve this. As shown in Figure 3, clilorofonn was predicted in the
irrigated soil at around 4 x 101 ng/m3. 1,1,2-trichloroethane at 1 x 102 ng/nr3and pyrene
at 3 x 103 ng/m3.

E+04
£+03

E
*5)

E+02

c

£+00

.2

E+01

£-02

s
c

£-03

o

o

0 Water

£-01

>42~*
c

B Air

0 Soil
□ Sediment

£-04
£-05
£-06
Chloroform

1,1,2-Trichloroethane

Pyrene

Figure 3. Steady-state concentrations o f contaminants among phases

5. Predicted No Effect Concentrations
Toxicity of chemicals to an organism is nonnally defined in terms of doseresponse relationships. When the target organisms are humans, dose-response
relationships may be derived from data obtained in epidemiological investigations,
extrapolations from animal studies, or toxicity' assays on mammalian or bacterial cells.
Epidemiological data can provide the most realistic cause-effect relationships, but are
only available for a very limited number of chemicals. The long latency period of
disorders caused by environmental toxicants, such as cancer, reduces the quality of the
data by hindering the determination of the effects. Dose-response relationships, once
established, may then be used to derive an “acceptable daily intake” (ADI) for each
specific chemical, usually with the application of safety factors to account for any
uncertainty. Finally, established ADI values can be used to determine environmental
PNEC.
A simple theoretical model has been developed for the estimation o f the
maximum permissible soil pollutant concentration based on toxicological data [8. 39], It
is useful to determine the maximum soil pollutant concentration instead of a wastewater
concentration because the wastewater composition may be highly fluctuating and
accumulation of contaminants takes place in the soil phase. The values obtained from
this model may be applied as the PNEC of a specific chemical. The model is used to
calculate a maximum allowed soil pollutant concentrations Cs (mg/kg) from a
chemical’s ADI in milligrams per kilogram of body weight (BW) per day [8, 39]:
Cs (mg/kg) =

ADI (mg/kgBW/day) x 60 (kgBW) x B
£ [I; x f; x Kspi x FDj]

The additional parameters of this equation include an index (i) representing tire
food groups grain/cereal, vegetable, root/tuber, and fruit; a daily consumption rate (I,) of
itli food group: the fraction (f) of itli food group affected by land application; a
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plant/soil partition factor ( K spi) for ith food group: and a fresh weight to dry weight
conversion factor (FD,) for ith food group. The model assumes that pollutant exposure
(background plus land-application induced) from the consumption of these crops is
limited to 50% of the total ADI. To account for this, a coefficient of background
exposures (B) is applied and set to 0.5.
In this analysis we have applied the values for the constant parameters as those
previously recommended by Cheng et al [8. 39], We have also applied the method
suggested by them for the estimation of plant/soil partition factors (Log Ksp = 1.588 0.578 x Log Kow) [8. 39],
As a worst-case scenario, the hypothetical exposure in this study was represented
by the food chain exposure of an adult (60 kg) whose entire dietary intakes of
grain/cereal, vegetable, root/tuber, and fruit are derived from food plants grown in
reclaimed water-irrigated soils. For each of the modelled chemicals, the ADI was
selected as the published reference dose (RID) from the US-EPA Integrated Risk
Information System (IRIS) [40], The soil concentrations calculated from this model me
given in Table 5 as PNEC.
Table 5. PN EC established by m odelling from reported reference doses (RfD).
Organic com pound
Chloroform
Pyrene
1.1.2-T richloroethane

RfD (mg/kg/d) [40]
0.01
0.03
0.004

PNEC (mg/kg)
2 x 1 0 '*
3 x 101
9 x 10'2

The calculated PNEC values are significantly greater reported average soil
concentrations (see Table 1). It is important to emphasise that the PNEC values
calculated here are based purely on human toxicological implication and do not consider
potential environmental impacts. Furthermore, there is a lack o f supporting subchronic,
chronic and reproductive studies data, which reduces the confidence in the resulting
RfD value used in this simple model.

6. Conclusion
The exposure assessment indicates that during reclaimed water irrigation die
selected organic model contaminants would accumulate in varying degrees in the soil of
the irrigated property. Accordingly, the uptake of the chemicals to food grown in die
soil will be an important exposure route for human risk assessment.
Calculation of risk quotients can be undertaken, for each of the three chemicals in
the hypothetical study, from the determined values of PEC and PNEC. By adjusting the
soil PEC values from Section 4 and the PNEC from Secdon 5 to the same units, a risk
quotient can be calculated for each of the three contaminants. The risk quotients then
are chloroform (10'7), pvrene (1()'7) and 1.1,2-trichloroethane (10'6).
In such a scenario, the risk quotients for all three chemicals would be acceptably
low for human health effects via the uptake from food. While the risk quotients would
be acceptable, the high degree of uncertainty in the modelling processes would indicate
the strong desirability for analytical confirmation including a monitoring program
throughout numerous stages of the agricultural irrigation scheme. A further high degree
of uncertainty emanates from the unavailability of comprehensive data for selection of
appropriate ADI or RfD values. In particular, data for chronic, subchronic and
reproductive effects are not sufficiently available. For many compounds ADI and RfD
values are not available at all.
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In cases where unacceptably high risk quotients are predicted, modifications to the
intended water reuse strategy will be necessary. Such modifications could include more
effective treatment of the water prior to irrigation; a decrease in the amount of reclaimed
water to be used on the property; or a change in the choice of crops to be grown.
This study has presented an illustrative analysis of a highly simplified
hypothetical wastewater reuse application. Nonetheless, it has successfully
demonstrated the general concepts of an approach to chemical risk assessment that, with
refinement, should be highly applicable to a very wide variety of circumstances. Wltile
the procedure does rely on a certain amount of real input data for a particular system, it
will be possible for judiciously selected 'typical’ values to be used for many parameters
in real risk assessment cases. This is because the final values predicted by the models
will not always be highly sensitive to all of the modelled parameters.
Finally, risk assessment of chemicals regarding wastewater reuse will, in many
cases, need to be undertaken with respect to environmental organisms, as well as
humans. Consequently, a wide variety of PNEC techniques will be required. In practice,
the number of analyses can be minimised by undertaking risk assessments for 'worst
case scenarios'. This may be achieved by identifying the most highly susceptible
organisms which are affected in the reuse application and calculating PNEC values
solely on the basis of those organisms.
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